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P. S. Follan8bee, U. F. Kocks, ●nd C. Regazconi

LO- Mamoe National Lab ratory, Lon Almoa, NH, USA

Rbwm& - on rapporte dee meeuree du ●euil mdcenique, ou contminte ●euil,
=u&ee ●ur doe #prouvettee de cuivre ●t de Nitronic 40 d6fom6ee de
mni$ree quaei-etatique et dynaniqua. Lee r~eultete concermant 1s cuivre
montrent que l’accroiesement dc la contrainte eeuil ●vac la viteeee du
deformation ●ct ●amblable j celui de la contreinte d’ecoulement. Dane le
caee due Nitronic 40, lee rteultete donnent un rapport de la contrainte
d’6coulemant ● la contreinte ●euil de l’ordre de 0.6. Lee deua rtwltate
indiquent que la ●ensibilitt croiaaante d la vite8ae que l’on oboervt aux
grandea viteaaea de deformation pour caa mattriaux n’eet pea due d la
predominance d’un ticaniama de ddforution de type frottemmnt viaqueux CO-
11 ● ~t~ parfoia ●u@r6.

Abstract - tIenaurementa of the mechanical threshold, or threshold ●treoe, ●ra
reported on queci-statically●nd dynamically dafomed copper and Nitronic 40.
The reaulta for copper ●h- that the increeae of the threshold ●treea with
atrain rate la ●!.milar to that of the flow ●treae. In Nitronic 40 the
reeulta show that the ratio of the flow ●~reoe to the threshold etreea la
+.6. Both reaulta indicate that t;le increaaed rate ●enaitivity found in
these materiala at high strain ratea la not due to tho predominance of ●

viacoua drag deformation mechaninn, ●a haa been previously •~~ated.

1 - lNTRON.KYCION

It hae long been known ●xperirnntally that ● variety of matalu show an increaee in
rata ●enaitivity when the impoaad atrain rate la raiaed shove - 103 8-10 Such ●n
increaae, for ●xsmple, hea been reported in annealed hi~h purity iron by Davidaon,
Lindholm ●nd Yeakley /l/, in ●luminum by Hauaer ●t ml. /2/ ●nd in copper by Kumar
●nd Kurnble /3/. There haa bean mch diacuaaion concerning the validity of thaae
high ●train rate ●xperimental reaulta (ace, for example, Lindholm /4/). However,
when split Hopkinaon pressure bar (SHPB) t~chniquea ●re uaod for the dymamic
●eaauremanta, ●n ●xteneive, ntmerical ●nalyaia of the SHPB teat of Mrtholf and
Karnea 15/ haa indicated that, if certain criteria regardi~ ●pacinn dinnaiuna,
lubrication, End loading rata ara ●atiafiod, the reeulte are valid at ●train ratea
to raughly 10b a-l /6/. Although ●violence●t hi~her ●train ratea then IOb ●-~ la
limited, meaeurem Ita oy Clifton, Cilat ●nd Li on ●luminum ●nd copper /7/ ●nd the
●nalyaia by Wallace /8/ of maaauramante by Johnaol.●nd Barker on 6061-T6 ●l~intm
/9/ indicata higher flow streaa levels in the chock retime than found ●t ●ven thoaa
otraln ratea poaaibla with 9HPB techniques. Baead on these reaulta, it ia concluded
that the increacad rate ●enaitivity in metala found under dynemie teat conditiorte
repreaenta ● real material reaponae.

In the mejority of the caeee where the rate ●enaitivity haa been found to increaae,
it haa been ●ucsested that th~ increaaed rate aenaitivicy la dug to ● trenaition in
rate controlling deformation machai~iam from thermal ●ctivation control of
dislocation wtion ●t low ■train ratce to viacoua dra~ control at hish ●train ratee.
Aa ●videme for this transition, some inveatigatore have noted thet tht
●xperimantally observed linear depend~nce of flow ●treaa (at a uniform ctrain) on
●traAn rate ●t high ●train rateo la conaiatent with th~ dialocetion dra~ machaniam



/10/. Other Invmmtlgatorm /11/ have emphasized that dislocation drag controlled
deformation would indeed leed to ● linemr dependence of flow stress on retrainrete,
but the llne would be required to paea through (or clome to) the erlgin rather than
through ● larse stress ●t cero stt~ln rate, ●s 1. found experimentally. It has been
●uugemted /121 that ●n Increasing mobile dislocation denoity (with ●tress) could
provide the link between the ●xperimental obmervationm ●n4 the predicted behavior
based on dimlocmtion drag controlled deformetton.

Whether or not the high strain rate test resulte described above extrapolate to the
ori6in in one criteria that, if ●atimfied, would support the propomed trenaition in
rate controlling deformation mechanimm. IIowever, ●8 indicated ●hove, the
●xperimental reeulta can be made to fit ●uch ● theory by impomin8 ● minor ●nd not
untealimtic condition re8ardin8 the mobile dislocation dennity. Another more

restrictive condition is thst when dislocation dra8 effects domlnxte the deformation
kinemeticu, the applied stress must be on the order of or greater than the stren8th
of the dominmt barrier that reetricto deformation at lower strain ratee or higher
temperatures li31. In Follansbee, Regazzoni a,~d Kock8 /13/, the mechanical
threshold (flow ●trees ●t O K), which provides ● Indication of the berrier
8tren8th, was measured on dynamically deformed OFE copper. The mechanical threshold
wam found to exceed the flow ●trems. A model of the deforution kinnmticm, which
included a ●treea dependent mobile dislocation density, wa8 used to fit the
●xperimental remultm over ● wide range of strain ratam. The model ●ssumed that the
●eeeured mechanical threshold veried with strain, but not with ●train rate, i.e.,
ctrain wa8 ●ssumed to be a state parameter. There were several featuree of the
●xperimental results which were Inconaimtentwith this amsuaptlon ●nd which were
noted in /i3/.

The purpose of this work is to ●how how the mechanical threshold varies with strain
and strain rate over ● wide range of condition. These findings ●nable ●n
evaluation of the conotant structure●ssumption made in /13/ (and hy others) ●nd to
● further evaluation of the dialocacion drag deforution mechaniom which is
postulated to ●xplain th~ Incremmed rate ●enmit’.vityfound ●t hi8h strmin rate=.

In ●cction 2, the experimental procedure for dQterminin8 th~ mechanical threshold ie
reviewed. In particular, it is shown h- the temperature dependence of the shear
modulus must be included in the dattisnalysie procedure; th:s waa neglected in 1131.
In section 3, the measured mechanical threshold values ar> reported for ● wide range
of c~rmin rates and ●trainc for OFE copper ●nd for ● wide range of ●train rates, but
only a ●in81e ●train, for Nitronic 60 ●tainless steel. The mechanical thresholi
values are then compared with the ●ccompanying flow @tress values. In ●ection k,
the implications of the reaulta concernin8 the rate controlling deformation
mechanimm ●re discunsed.

~ = HEA!3JREHENTOF THE MMN!ANICAL THRESHOLD.— —.

Copper wam choeen for thin investigationeince it is ● simple, ●in81m phase ?CC
matml with WO1l documented quaai-static deformation machanimme. Oxygen-free
●lectronic !Olv!; copper (AST?I C101OO) in the form of 0.95 cm diameter rods were
procurred in the sn-wroqht form. Compression ●pecimenm were mechined ●ccording to
the dimmnmiono deocribed below. Follo@r.g machinin8 the ●pecimens were ●nnealed ●t
600 C for onn hour IIIvacuum which yielded an approximately ●quiaxed structure with
●n •vera~m armln diameter of -40 ~m.

A less ●xtenclvs met of ●eas~rementswas pelformed with Nitronic 40, which is e
man~aneke bcmring austcnitic atainlesc ●ceel often refarred to ●e 21-6-9. It had
the followins composition: 20% (by uei8ht) Cr; 6.61 Ni; 8.8% t4n;0.18X P; 0.18% S;
O.OIZ C: ●rd 0.322 N. The Nitronic 40 waa ●lco studied in the ●nnealed condition
uiih ●n ●vers-c grain diauet~r of -&O um.

Ihe procbdure for measuring the mechanical thremhold ha- bemIIpreviously outlined
/11/. )lulc!plesp~~imens (tisually8) ●ra premtratned at room temperature●long the
strain rate and ●trmln path of Inlerest ●nd then unloaded. Thim prestrai~ produce.
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● ●tructure which iu characteristicof the #train ●nd strain rate path; we nw want
to probe this #tructure. To determine the flow ●tree~ ●t O K, the ●pecimens ●re
relceded ●t ● conveniently low strain rete (~.0014 S-l) snd ●t temperatures of 76 K,
--180K, ●nd 295 K and the yield mtreas la recorded. For the coppez experiments,
nominal true ctrain rates of 10-” S-l, 10-2 ●-l, 100 ●-l, 102 s-l, 2X103 ●-l. 5X103
.-1, ●nd 10* 8-1 ●nd true straine of 0.05, 0.10, 0.15, 0.20 ●nd 0.25 were chosen for
investigation; this yielded 35 ●eparate strain ●nd #train rata hist~rlea. Specimen
dimenalone were chosen ●uch that ●fter the preecribd praatrain, the diameter snd
length of each ●pecimon equaled 0.508 cm. Fur the etainleee steel ●xperiment, only
the following two hietorie~ were investigated: ●treln ratea of 10-3 ●-i and Ijx103

S-l to a ●train of 0.10.

Three mechanical ceet machines were utilized for theee compreeeion teete. For
experimante ●t #tr~in ratee lest than 10-1 ●-i, which includee ●ll of the reloading
●xperlmante, ● ●candard #crew-drivenmechanical teetfn~ machine wae ueed. Reloed
experimancs ●t room temperature, 76 K (with liquid nitrogen), and 180 K to 200 K
{hith freezing methanol) were perfomed &ith ● completely Imrelole ●ubpreee.
Powdered boron nitride was choren ●e the lubricant for theee 1- temperature
●xperiment, whereatimolybdenum disulfide was used for ●ll roam temperature teeting.
A ●ervo-hydraulic testing machine wae used for strain ratee to 102 s-l and ● StipB
wae ueed for teeting at strair,ret-e to 10’ ●-l /6/. To facilitate loading to ●

conmtent ●train in che SHPB, ● 0.50M cm deep b:” 0.64 cm diameter flat-botcm=d I=le
was drLlled into the ●nd of the 1.1 cm di.meter transmitter bar.

An ●xemple of the prestrein and reloading ●treae ●train curveu far copper
preatrained at 5000 ●-] to ● nominal true ●train of 0.15 ●nd reloaded at s strain
rete of ().0016s-l le ●hewn in Fig. 1. Alth@u8h che ●pecimono were ●tored in liquid

‘i
Irnediately ●fter the prestrain ●nd until reloadinS, the rclesd cracee in ?1s. 1

● w ●n indication of recovery in th- imdiate yield re@on. The ●ctual detaila in
this re810n were far lees reproduciblethan wae the large ●craln work har6eninS
behavior. Thue the flow streee upon reloadir~wao dctemined by beck ●xtrapolating
the work hardenin8 behavior to the ●laatic line, ●e ic chown wl-h the daehed linoc
in PIC. 1.

Another difficulty ●ncountered in the SHPB ●xperlmonte wae that axial inertia led to
continued deformation ●fter the ●pecimanllncidentbar interface wae unloaded (i.e.,
●fter the ●peciman le~th decreaeed bnlow 0.5!)8cm) [:]. This ●xtra deformatlo~ wce

]q] Thie problem was only ●i8~llficantin the copper ●xperimante, which Ie consiecont
with the fact that tho velocity of the plaotic unloadi~ wave varioo with ●tr-ee
/14/, which in the stkinlece ●teel was 4 tlmao that lG the copper.



nonunifa-, bet~ ●lnimtm ●t the ●pecimenfincident bar interf~ce ●nd mzximtm ●t the
8pecfmen/trammlttor ber interface, ●nd became more ●evsre ●m the retrainrate
increamed. Two problem were introducedby thim nonuniform deformation. First of
●n, the slightly bell-shped ●amplas would have complicated the interpretation uf
the ●ubaequent reloeditq step; this problem was Circ-vented by remachining ●ach
specimen to ● cylindricalgeometry (which ●dded ●n additional - 30 minutes to the
time spent ● r- t~rature). The second problem was in relati~ the maasur~d
●echanical thremhold to ● %train”. Since upor reloading, the yield btrmms would
reprement the ●ection of the specimen which had receivad the ●malleet poet-uniform
deformetior, the retrain was computed ●t the smalleot diameter of the deformed
specimen, which w@8 Setier%l.y ●t or near the incidel.tbarfmpeciman interface. For
the caae ●hewn in Fig. 1, the retrainmeaaured wae 0.168 rather than the desired
0.15. The mechanical threehold ●t the strain of intereet was then eetimmted by
interpolating between ●ctual meaeured strains.

2.1 EXTRAPOLATION ~ O K. The reeultc shown ~n Fiu. 1 give the variation of the
flow utreaa with reloadi~ temperature co ● ❑inimum teuparatare of 76 K. An
●xtrapolation la required to estimate tha flow streaa ●t O K. The manner in which
the flow ●tresa variea :itil temperature dependa on the detal.la of the rate
controlling deformation machaniam. In pure copper at low strain razea, deformation
la controlled by the interactionof mobile dialocationa with forect dialocationa
which la ● thermally activated proceaa. The relationship between ●pplied ●treea,
●trai~ rate, ●nd temperature●t conacant ●tructurc la ~.st descrioed by ● law of the
form i151

(1)

where the ●tress dependence enters through the activation free enthalpy AG when
written ●s

13G-Fo[~ +,;)1/2]3’2 . (2)

In the ●bove ●xpreaaiona, ~. is a constant of the order of 108 M-l, k la Boltman’a
constant, -T la the temperature●nd F. ia the Helmholz free eneruy. Tha ●echanical
thrsahol~ ? in Eq. 2 1? written here ●e ● normal (rather than shear) ●traam;
called ?

it la
inataad of o to ●mphaaize that it la ● material property. In ●ddition to

the ●xplicit temperature dependanca described in Ea. 1, it la important to alao
include tha temperaturedependence of the activation free ●:thalpy (which la asaumed
to be that of the shear modulus II/15/) by rewriting Eq. 2 ●s

AG - u(t)b3 g(:j = u(T)b3 s[1 - (-11’213’2 I (3)

whele g la the normalizedactivation frt!a enthalpy. Combinin8 Zq. 3 with Eq. 1 ●nd
rearranging 8ive>

..

[+)1’2 -(+)1’2 :.- [+--#&-)2’3] . (4)

If the. normalization with raepect to temperature la correct, than ● pl.t of
(a/u(T)j’’’ varaus (kT/u(T)b3]2''fortherelaad experiment. atconatant etr,,inrata
but varying temperature should yield a straight lin~. Tho intarc~pt ●t zaro
temperature in this plot gives the mechanical threuhold normalized by the ●haar
●odulus while the ●lope is inversely ralated to the normaiixed activation free
●nthalpy.

Valuam for tht shear modulus ●rm given in Table 1. For copper thaae valuea
repremenc the single crystal ●hear moduluc /16/. Tha ●laatic ~onatanta required LO
calculata the ●incla crystal shear modulus ●re unavailable for the particular
●tainleas oteel used in thie inve~tigation. In ●ddition, wa could find no reg.orted
data for the polycryatal shear modulue ●t low temperature. Thuo, the data in Table
1 for Nitronic 40 repreaant an ●xtrapolation to lW tmmparatureaof data ●eneurad oc
● similar material ●t ●mbient ●nd ●lavated temperature 1171. T’h tilopa du/dT



reported in i171 (du/dT = -.C32 GPa/K) is identical to that meamured ● t low
temperature on ● variet~ of ●umtenitlc ●talnlema steels (Armetrong, to be
publlehed). In making this extrapolation we are ●aauming that the low temperature
●laotic modulus ●n-ly, which la often found in ●umtem.ltic ●tcinleme steels
(A_8trQng, to be published), occurs in Nitronlc 40 ●t a temperature below 76 K.

TABLE 1 Temperature Dependence of the Shear ?Mulua

T (K) u (GPa)

180 -.6.07 84.0
295 62.17 77.3

3. RESULTS

3.1 H=NANICAL THRESHOLD IN COPPER. An axample of the variation of the normalized
reload ntrama versue normalized test temperature for coppar 18 shown in Fig. 2.
Results in this figure ●re for ● prestra:fipath ●t ● strain rate of 0.00014 ●-l to
the etrain indicated. For ●ach preetrain at least two ●pecimans were tested ●t tiach
reload temperature. (Only one data point is shown when two taots gave the ●ama
result.) A stralsht line is seen to fit each ●et of data ●s shown; this tends to
support the chemel activation law given by Eqa. 1 and 2 and the normalization
procedure deacribad by Eq. 3. Am axpected the mechanical thrashold incraa8e8 with
strain, ●nd the rate of this increaee decreaaeo with strain. ~ unexpactad reeult
la that the slope of the line increases Slishtly with strcfn which indicatec that
the normalized ●ctivation free ●nthalpy decream~s ●s the mechanical threshold
(strain) 1S increased. Thi6, however, is only a small effect.

0.020 r’
r 1 1 1

0.00014c’

0.26
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0.020 “

w w~
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*“ vereu6 taec temperature for

0.10- n the pree:rain of zoppar ●t
w A

o ● etraiti rate of 0.00014
S-l to the strain noted.

0.020 -

oo60e27_~
0.01 0.02 0.03 004

[k T/p (T) b3] 2’3

Figure 3 chows ;he resdt. ●t unifom strain but varying etrain rate. Here, the
impOrLant observation is that ●t untform etrain ~ha mechanical thrashold ie ●n
incremeln8 function Gf strain rate. Once a8aln, tho ●lope Oe tha fit in F18. 3
increases slightly with increaeiq mechanical thrushold (otrain rate).

All of the results for copper, incluaiu the mechanical thraahohl ●nd flw ●treea
valuee, ●re tabulated in Tablem 2 ●rd 3. The valuas for tha mechanical threohold
li~ted in these tsblas are reftiran:~dto 295 K since this 18 tba camperacure ●t
which the prettraine were introduced. The mechanical threshold ●t 295 K rapresentm
the srrens-h of the ●vera8e berrier encountered by mobile or potentially mobile
dielocatione -lurins tna praatrain. A comparison of the thrashold gtreas with the
flow ●treem listed in tha laet col-n of Tablea 2 ●nd 3 indicatee that in ●ach tame
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the former strecs ●xceeds the latter. Also jncluded in these tablea ia the acandard
error for the estimate of ;. In a few canea, thie error *as quite large; this waa
particularly true at low strsina where the slope of the fit approached zero.

TA8LE 2 Hechanlcal Threshold Values for Copper at ~ G 100 S-l

0.00016 0.05
U.1O
0.15
0.20
0.25

0.015 0.05
0.10
0.15
0.20
0.25

o.8~ 0.05
0.10
0.15
0.20
0.25

81 0.05
0.10
0.15
0.20
0.25

~ MPa

120
179
223
237
279

125
187
235
269
29iI

13ii
191
2LL
28L

309

1>&
207
251
299
323

se. ●, UPa—

18
17
lo
4
3

28
15
3
6
.4

70
5
6
3
3

● Standard ●rror on estimate of ;

a, ?@a

IIL

168
206
2y0
252

11s
175
218
267
269

127
180
22L
268
295

130
194
2&l
281
3117

The dynamic test reeult$ fot copper ●re listed in Table 3. The mechanical threehold
values listed in the third column correspond to tha actual Valuls at the strain
indicated. The val~.le~ltstad in the sixth column ara interpolated (or extrapolated)
val.ies which ●nable a constant ctiain comparison with the values listed in Table 2.
Altiough the standard error for the sstima.e of ~ is uniformly low for the results
listed in Table 3, the error in the ●stimate of she corrasp{nding atlain, dua to tha
nonun!fom deformation described ●arliar, is likely much larger.



TABLE 3 t4echanlcalThreshold Values for Dynamically Deformed Copper

1800 0.064
0.107
0.152
0.209
0.253

5000 0.065
0.10
0.168
0.211
0.257

9500 0.087
0.136
0.156
0.189
0.226

.
T, I@a

172
218
280
309
3U7

178
228
285
325
359

212
272
300
329
3ib3

a.e., MPa

25
2
3
3
2

6
7
2
1
2

5
2
6
2
1

E

0.05
0.10
0.15
0.20
0.25

0.05
0.10
0.15
0.20
().25

0.05
0.10
0.15
0.20
0.25

141
217
273
313
3h2

145
zzk
28!

321
351

152
23&
291
331
359

0, HPa

121
195
250
297
318

132
206
260
305
329

146
220
274
317
3b3

The flow atreas and ❑echanical threshold results at straina of 0.10 and 0.20 are
plotted together in Figs. & and 5. Figure 4 la a semi-logarithmic rapreaentation
which includes data at all strain rates. As indicated In the Introduction, the
strain rate dependence of the flow atreaa begins to increaae fairly dramatically
whan the strain rate is raiaed above -103 a-l. The Interesting observation in
Fig. 4 ia that the mechanical threshold increasea along with the flow @treaa. The
dynamic test results are plotted on linear axes in Fig. 5. Here it is ●violent that
the increase in the mechanical threshold with increasing strain rate is
approximately paraliel to the increase in flow atreaa.
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3.2 MECHANICAL THRESHOLD IN NITRONIC 60. A plot of the normalized stress versus
normalized temperature for the two strain rates investigated is shown in Fig. 6.
The most prominent difference between the data for copper shown in Fig. 3 and that
for Nttronic 40 shown in Fig. 6 is in the slope of the line, which is much higher in
the latter caae. This indicatea that the dominant obstacle to dislocatim motion in
Nitronic 40 has a lower free euthalpy and thus is much more strain rate (and
temperature) .eenaitive. The mechanical threshold and flow atresa values for
Nitronic 40 are tabulated in Table 4. Note that for this material the ratio of the
flow atreas to the mechanical threshold is rmch smaller than it was for nopper.
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TABLE k Mechanical Threshold Values for Nltronic kO

. .
f, s-l c ?, NPa—— se., MPa c, FIPa

(3.0n16 0.10 1696 42 689
6000 0.10 187fl 31 1125

The flow stress and ❑echanical threshold valuea are plotted together on

semi-logarithmic axes in Fig. 7. Once again the increaaed rate sensitivity of the
flow atreas la found at high strain ratea [2]. For Nitronic LO, however, this
increaae in flow atrega is not accompanied by as significant an increase in the
mechanical threshold aa waa found in copper.
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L. DISCUSSION—

Two significant findings have evolved from these ❑echanical threshold meaaurementa.
The first la that for copper the increaaed rate eenaitivjty found on a constant

strain comparison of flow stress data la accompanied by an identical Inereaae in the
❑echanical threohold. Although not illuattated here, it la evident from inapaction
of he data in Tablee 2 and 3 that a comparison at constant structur@ woxld show no
dramatic increase in rate

—. .
eeneitivi~y. For ●xamp?.e, the flow strema ●t ● strain

rate of 0.015 n-l to a strain of 0.15 (I = 235 FtPa)la only elighgly leas than the
flow ●treaa at a strain rate of 9500 ●-l to a strain of 0.10 (I - 234 NPa). Thus
the “increaaed rate ●enaitivity” in copper ia elmply (or not ●o simply) due to
structure ●volition. The detaila of the evolutionary proceaa ●re not the subject of
this paper. Howevar, the mechanical threshold meaauremenLa do lead ua to conclude

-tZlIn fact, for this material, the increaae ●ppears to begin ●t ●train ratea as low
aa 10Z 8-1. Since the experimental technique ●nd data interpretation●re without
quencion ●t such low ●train ratas, this ia strong evidence that the incraaaed rcte
sensitivity found with the Sl!FBis ● real effect.



tlwt ●fforts to understand the increased rate nenoltivity should concentrate on the
rate cenaitivity of structure ●volution rather than on the contribution of another
deformation mechaniam ●uch aa viacoua drag.

The data for Nitronic 40 provide the second significant result. In this material,
an increaaed rata eenaitivity ●t high strain rateais noted,yet the ratio of the
flow ●treaa to the ❑echanical threshold ia only +.6. Since the mechanical
threshold la changing leaa rapidly in comparison to the flow ●treaa than waa found
in copper, the Nitronic 40 reaulta more closely approximate the constant structure
conditions modelled in /13/. One conclusion from that model waa that for
dislocation drag to be important, the flow atreasmua~ be approximatelyequal to or
greaterthan the mechanicalthreshold. This la not the caae for Nitronic40; thus,
we concludethat in thismaterialaa well ae in copper, the observed increaaed rate
aenaitivity la not due to a tranai<ion in rate controlling deformation ❑echaniam.

We do not imply by these concluaiona that viacoua drag ia not an important
deformation mechaaiam; under the right structure and applied etreaa condition,
deformation will become limited by viaoun forces on dialocatlona. However, these
proceaaee do net appear to be impnrtant for deformation in copper and Nitronic 40 at
strain ratea up
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